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Abstract
Field surveys in southern to eastern India including the Eastern Ghats Granulite Belt,
NelJore Schist Belt, Trivandrum Granulite Belt and Periyar Madurai Granulite Belt were con-
ducted during August-September 1996 by several geologists from Japan, India and Russia.
The surveys went successfully, with about 500 man-days of survey and collection of about
two tons of rock samples being made.
In this paper, some important field operations and observations are given, with field photos.
Detailed laboratory work is going on and the results will appear elsewhere in future.
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I TRODUCTION
The Precambrian geology of Peninsular India
attracts scientists world-wide. This is especially
the case for the study of the assembly of
Gondwanaland during the Grenvillian and Pan-
African even ts, beca use these events are dis-
tinctly developed in Peninsular India in compari-
son to the surrounding Gondwanan fragments.
We have been conducting field surveys of
Precam brian Peninsular India since 1992 (Yoshida
et a1., 1994, 1995), supported by the Grant-in-
Aid, Overseas Scientific Research of MONBU-
SHO (Ministry of Education, Science, Sports and
Culture of Japan), and in these years, under the
UNESCO-IUGS IGCP-368 project (Yoshida et a1.,
1994, 1995).
The field program during 1996 was composed
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Table 1. Geological field program in southern to eastern Peninsular India. 1996
Period
Several weeks
in August-
September
Aug. 23-27
Sept. 2-4
Sept. 5-25
Aug. 26-28
Aug. 29-
Sept. 17
Several days
in Aug-Sept
Survery areas and topics
Various areas in KKB and
western part of Periyar-
Madurai Block, with
various objectives
Traverse from southernmost
Proterozoic KKB to the
Archaean Nilgi ri Hills
Nellore Schist Belt
Visakpapatnam area
Structural survey
Sapphirine rocks in
Visakhapatnam area
Tekkali Migmatite
Orissa, for alkaline
rocks
Participants in the survey
(Those who assisted)
Satish-Kumar, Rajesh, Bindu, Wada,
Santosh
(Satheesh, HarD
Santosh, Tani, Wada, Satish-Kumar,
Rajesh, Glebovitsky. Kovach, Yoshida
Yoshikura.
(H.M. Saradhi, M. Saritha, U. P.
Radhika, P. K. Omana, and 40 other
participants of IGCP-368)
Rao, Yoshikura, Wada. Yoshida
Glebovitsky, Kovach, Divi
CA. N. Konilov. M. V. Mints, V. I. Fonarev)
Yoshida, Yoshikura, Tani, Miyashita,
Kovach, Glebovitsky, Divi, Rao
(K. Srinivasa-Rao, P. Saradhi,
S. Srinivas)
Osanai, Hamamoto, Miyashita,
Yamamoto, Yamasaki
Yamamoto, Tani, Miyashita
(Hamamoto. Osanai. C. S. R. Nath,
M. Raghu Ram. P. Saradhi,
S. Srinivas, T. Yamasaki)
Shaw
(M. Das. P. K. Panda)
of several portions (Table 1) with different aims
by different groups of scientists and individuals.
These included studies in the Kerala Khondalite
Belt by individuals with various objectives; a
traverse from the Proterozoic geology of the
southern tip of India to the Archaean Nilgiri
Hills to the north, this being the international
field workshop of IGCP-368 led by M. Santosh; a
group visit to several good exposures in the
Nellore Schist Belt led by A.T. Rao; a group field
survey of the area surrounding Visakhapatnam
led by M. Yoshida; and some other surveys (Fig.
1). Some details of these surveys will be men-
tioned below.
CALC-SILICATE ROCKS AND GRAPHITE
IN THE KERALA KHONDALITE BELT
Outline and Objective of the Survey
The Kerala Khondalite Belt (KKB) is a gran-
ulite-facies supracrustal sequence in the south-
ern margin of the South Indian high-grade meta-
morphic terrain. This supracrustal sequence is
separated from the massive orthocharnockite-
dominated Periyar-Madurai Block by the late
Proterozoic Achancovil Shear Zone.
The dominant lithologies in the Kerala Khond-
alite Belt are garnet-biotite gneiss, garnet-
sillimani te gneiss and orthopyroxene-bearing
granulites. Subordinate to these are bands and
layers of pyroxene granulites, calc-silicate gneiss-
es, marbles and quartzites. This terrrain is
unique for the evidence for the infiltration of
CO2-rich fluids along structural pathways, exhib-
ited by the local alteration of amphibolite facies
gneisses into desiccated veins and patches of
orthopyroxene-bearing granulites (incipient char-
nockites) (Santosh et aI., 1990). Also in this
terrain are different types of occurrences of graph-
ite, such as In the metamorphosed sedi-
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Fig. 2. Generalized geologic map of the gran uli te ter-
rains of southern India, which shows several
blocks of granulite terrains separated by shear
zones.
ACZ: Achancovil Shear Zone; PCS: Palghat-
Cawvery Shear Zone; MBS: Moyar Bhavani
Shear Zone. Dotted line corresponds to the
traverse followed in the IGCP-368 field work-
shop. Open circle with numbers corresponds to
the localities of calc-silicate rocks visited by
Wada and co-workers. Solid square with ab-
breviations corresponds to alkaline plutones
(PT: Pathanapuram; CR: Chengannoor; AL: Am
balavayal; PN: Perinthatta; AM: Angadimogar.
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mentary rocks, in brittle shears, and in concent-
rations in veins, incipient charnockites and ig-
neous settings of pegmatite and quartz veins.
Radhika et a1. (1994), Radhika and Santosh
(1996) and Wada and Santosh(1995) reported
the occurrences of graphite deposits and their
genesis in South India. Specifically, considering
the origin of the charnockites in South India,
where a large-scale fluid influx and carbonic
metamorphism was proposed by Newton et
a1.(1980), the Kerala Khondalite Belt is unique
in characterizing the processes of granulite for-
mation which is highly debated in many of the
Proterozoic and Archaean terrains (e.g., Harley,
1989).
The occurrences of graphite deposits in these
localities provide a classic opportunity to con-
strain the deep- to middle-crustal processes in
the Archaean to Proterozoic times. One of the
major purposes of the Monbusho project is to
clarify the origin of these graphites and to un-
derstand its relation to the fluid processes in the
lower and middle crust. The petrology of calc-
silicate gneisses is another objective of the pre-
sent study, which may help us in deducing the
metamorphic characteristics and role of carbonic
fluids (e.g., Harley and Santosh, 1995; Satish-
Kumar et aI., 1996). The application of carbon
isotopic geothermometry is also a topic in this
terrain (Satish-Kumar et aI., 1997).
Pertaining to the aforesaid objectives, a field
survey was carried out during the period from
12 Sept. to 15 Sept. 1996 by H. Wada and some
other Indian and Japanese students (Table 1).
Sampling localities covered many new quarry
exposures in the southern Kerala Khondalite
Belt near Trivandrum, in the Periyar-Madurai
Block and in the Achankovil Shear Zone (Fig.
2). We present here the detailed field descrip-
tions of the localities visited, along with some
preliminary results.
Field Observations
Pyroxene granulites at Mulayara quarry Located
about 15 km ENE from the downtown of Tri-
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Fig. 3. (A) Pyroxene granulite boudins at Mulayara quarry. Notice the foliation developed within the boudins.
Also seen is the latest generation of pegmatite cutting across all the earlier structures (B) Rootless tight
to open folds of charnockites surrounded by the retrogressed equivalents of charnockites, i.e., garnet-
biotite gneiss. Typical stictolithic migmatite structures seen in Kunnumpara quarry. Garnet porphy-
roclasts are developed right in the centre of the leucosomes. (D). Mega-calc-silicate xenolith in massive
charnockite at Arakkakulam.
vandrum, Kerala, the quarry is composed mainly
of charnockitic rocks and thei r retrogressive
equivalents (Loc. 1 in Fig. 2). Pyroxene granu-
lite occurs as boudins and blocks embedded In
charnockites and garnet-biotite gneiss.
The quarry preserves many informations re-
garding the deformational events. The layers
and the orientation of pyroxene granulite bands
define the SI planar feature, which corresponds
to the limbs of the regional F , folds with an
axial trend of NW-SE. The pyroxene granulites
have been boudinaged and rotated (Fig. 3A).
Th foliation preserved in the pyroxene granul-
ites also has a similar trend. The S2 planar fea-
tures are observed in the charnockites with the
preferred orientation of orthopyroxene grains.
Rootles, tight to open folds with NW-SE axial
trend correspond to the F 2 folds, which belong
to the D2 deformation (Fig-3B).
The D3 deformation corresponds to the pre-
ferred orientations of garnet and biotite in the
retrogressed charnockites. This retrogression is
associated with pegmatitic activity. This is also
marked by the open folds in charnockites with
an E-W axial trend. The latest deformation is
the D4, the brittle shears along which pegmatites
intruded and cut across all the earlier fabrics in
the quarry. These pegmatites also contain many
pale yellowish fluor-apatites. The charnockitic
rocks, considered to be of sedimentary origin,
were intruded by possible basaltic dykes which
were metamorphosed to granulite grade (M])
during the D l phase of deformation. This was
followed by the M2 retrogression event during
D3, during which the leucocratic garnet gneisses
developed along pegmatitic veins.
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Preliminary garnet-orthopyroxene geothermo-
barometric results from this quarry indicate tem-
perature conditions around 750-800°C and pres-
sures around 5-6 kb (Satish-Kumar, unpublished
data)
Khondalite at Malapparamcode quarry Located
approximately 2 km southeast of Mulayara
quarry, this quarry was newly developed for the
production of road metal. The main rock type is
graphite-bearing khondalite. Two major types of
gneissose rocks were distinguished viz., garnet-
quartz-feldspathic gneisses and garnet-sillimanite
gneisses.
Deccimeter scale boudins of pyroxene granu-
lites can be observed, and they are concordant
with the regional foliation defined by the alter-
nate layers of the two gneisses. This regional
structure is cut across by a brittle shear zone,
approximately 10 m wide. The peculiarity of
this shear zone is that it is enriched in graphite,
and large, scaly' graphite crystals are found in
the sheared, banded khondalite in the zone.
Some graphite-enriched zones are observed in
the sheared zone also. It is possible that the
graphite associated with the shears is a product
of later fluid precipitation in contrast to that in
the alternate layers in khondalites, which may
be of biogenic origin.
Migmatites at Kunnumpara quarry Kunnumpara
quarry is located 3 km further south of Mula-
yara quarry and is dominated by typical migma-
titic gneiss. Coarse-grained, garnet-bearing leuco-
somes are developed within quartz-feldspar-
bioti te gneisses (Fig-3C). Garnet aggregates of a
few centimeters always occur in the centre of
the leucosomes, and are separated from the quartzo-
feldspathic matrix by quartz rim. The meso-
somes are garnet-biotite-bearing leptynitic gneiss-
es and form a network surrounding the leuco-
somes.
A later generation of leucogranitic melts,
which have intruded after the migmatization, is
also present. These are of several centimeteres
to meters in width and cut across the remnant
foliation in the mesosomes. Much later is the in-
trusion of quartzofeldspathic pegmatitic veins,
carrying coarse bioti te and garnet. Coarse graph-
ite also occurs in these pegmatites. Neither the
leucosomes/leucogranites nor the leptynitic
mesosomes have graphite.
Vellanad old graphite mine The Vellanad graph-
ite mine is located about 30 km northeast of
Trivandrum, and is now not working. Some
English people have operated the graphite mine
through digging tunnels under the ground, dec-
ades back. The area was completely changed
into a residential district. Massive graphite ore
and good crystalline graphite in pegmatitic pla-
gioclase can be collected from the gravels in the
field. The carbon isotopic values of 21 - 24%0
PDB was reported by Santosh and Wada (1993),
which indicate a typical biogenic origin for the
graphite.
Sankarmugham calc-silicate rocks This locality is
about 15 km east of Trivandrum and an isolated
outcrop can be observed in the rubber planta-
tion field. Calc-silicate rocks crop out in this
area, with a traceable dimension of 5 m wide
and 20 m in strike length, and banded with a
trend similar to the regional penetrative fabric
of the adjoining gneisses.
Apart from the banding structure, wollasto-
nite-rich veins and seams occur cutting across
the gneiss. W0 lias to ni te-diopside-scapoIi te-bearing,
highly metamorphosed calc-silicate rocks domi-
nate the assemblage. A garnet-bearing core band
is also observed here.
The immediate contact of the calc-silicate
rock with other lithologies cannot be traced
over meters, due to the thick regolith cover. But
a khondalite exposure observed as near as 100
m away is delineated as the immediate contact
lithology. Preliminary petrological observations
indicate that the granoblastic, wollastonite-scapo-
lite-grossular assemblage is overprinted by a co-
rona of secondary grossular-quartz rims (Satish-
Kumar et a!. 1996). The scapolite breakdown
temperatures are estimated at around 830°C, in-
dicating a high temperature imprint for these
calc-silicate rocks (Satish-Kumar unpub data).
Calc-silciate mega-xenolith at A rakakulam quarry
The Arakakulam quarry belongs to the Nager-
covil block in Tamil Nadu (Loc. 2 in Fig. 2).
Along the main road bound to Kaniyakumari,
several isolated rocky hills, with heights lower
than 100 m, are located in the plain fields. Quar-
rying is going on in most of these hills, which
expose the massive charnockites of the Nager-
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coil Block. In the north-eastern slope of one of
the hills, is exposed a leucocratic calc-silicate
band with several meters in width, within the
massive charnockite (Fig-3D).
The massive charnockite contains orthopy-
roxene, plagioclase and some opaque sulphides
minerals; it generally lacks garnet. The leucocra-
tic band (calc-silicate xenolith) in the massive
charnockite contains wollastonite, diopside, sca-
polite, quartz and phlogopite, with small a-
mounts of graphite crystals.
The calc-silicate rock is generally calcite-free,
all the calcite appearing to have been consumed
in the formation of wollastonite and other calc-
silicate minerals. Many wollastonite-rich seams
and veins can be observed in the calc-silicate
xenolith. The relationship between calc-silicate
and massive charnockite seems to be similar to
the occurrences of the Nuliyam calc-silicate
quarry described by Harley and San tosh, (1995).
Coarse graphite is developed near the contact of
calc-silicate rock and charnockite. Preliminary
fluid-inclusion studies indicate that carbonic
fluids dominate the calc-silicates and charnockites.
Calc-silicate rocks at Leepuram Beach Wol1asto-
nite-scapolite-diopside-bearing calc-silicate rock
crop out with garnet-biotite gneiss on the shore
of Leepuram Beach about 20 km north of Cape
Comorin (Loc. 3, Fig. 2), at the southern margin
of the Kerala Khondalite Belt.
Because the outcrop was surrounded by the
beach sand, we could not find the contact rela-
tionship between the calc-silicate rocks and the
country gneisses, but it is concordant with the
regional foliation, as defined by the gneiss. The
calc-silicate rock belongs to the garnet-absent
wollastonite-scapolite calc-silicate rocks after the
classification of Satish-Kumar et al. (1996). The
calc-silicate rocks display alternation of scapo-
lite-wollastonite-rich layers and diopside-rich lay-
ers.
Marble and calc-silicate rocks, Tamil Nadu This
locality lies at the southern portion of the Peri-
yar-Madurai Block, and is situated in the India
Cements Mines in the Tirunelveli marble district,
Tamil Nadu (Loc. 4 in Fig. 2). Compared to the
Kerala Khondalite Belt, which has many local
occurrences of calc-silicate-rich rocks, the Peri-
yar-Madurai block has many calcite-rich marbles.
The marbles are quarried for the cement facto-
ries and we visited a huge marble dump area of
the Indian Cement Company. Crystalline lime-
stones of various types are collected from the
many marble open pits. We can distinguish dif-
ferent colours of marbles such as pale blue, pink,
green and yellow. Huge crystalline calcite (sev-
eral centimeters in length) marbles often contain
fully crystalline graphite enclaves in a single
calcite crystal.
This locality may have a powerful potential
to clarify the fluid enhanced recrystallization,
fluid transportation and infiltration-related ex-
change reactions in the country rock-calc sili-
cate-marble contact. In the whole area of the
Periyar-Madurai Block, many graphite-bearing
limestone lenses are distributed. This provides
us with an adequate opportunity to verify the
metamorphic temperature of the terrain. Some
preliminary results obtained indicate a high tem-
perature of around 800°C, using calcite-graphite
thermometry for the marbles (Satish-Kumar un-
published data).
ALKALI GRANITE, SYENITE AND ANORTH-
OSITE MASSES IN THE SOUTHWESTERN
PROTEROZOIC TERRAINS
Outline and Objective of the Survey
The Proterozoic granulite-facies terraine of
the southern part of the Indian Peninsula is m-
truded by a number of igneous plutons, mostly
alkali granites and syenites. The present field
survey, aimed mainly at mapping some of these
plutons, lasted for almost one month. The field
survey was carried out by H.M. Rajesh assisted
by Satheesh Hari for about 40 days during
August-September 1996.
The relation of these plutons with adjacent
granulites (which mostly form the country rock)
was studied in order to evaluate the relation bet-
ween granulite metamorphism and alkaline mag-
matism, this being a topic of recent intense in-
terest (e.g., Rajesh and Santosh, 1997). The rock
types covered include al kali granite, syenite and
anorthosite. From south to north the present sur-
vey covered the Pathanapuram granite(PT), Chen-
gannoor granite(CR), Ambalavayal granite(AL),
Perinthatta anorthosite(AN) and Angadimogar
syenite(AM) plutons (ct. Fig. 2). The character-
istics of each intrusive are described below.
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Fig. 4. (A) Contact of Pathanapuram granite and the charnockite. A feature noticed is the concentration of gar-
net towards the contact of granite and charnockite, gradually decreasing into the charnockite. (B) A
granitic vein characterized by large elongated crystals of hornblende, cutting across the Chengannoor
granite. (C) Contact of fine-grained hornblende-rich vein and hornblende gneiss near Ambalavayal area.
(D) Occurrence of the dark-greenish to dark colored anorthosite with greasy appearance near Perinthatta.
Characteristics of Intrusive Masses
Pathanapuram granite The Pathanapuram gran-
ite is emplaced along the prominent NW-SE-tre-
nding Achankovil Shear Zone, and has an area
of about 10 km 2 • It is a red-brick alkali granite,
composed predominantly of medium- to fine-
grained alkali feldspar and quartz, with green
hornblende and biotite constituting the domi-
nant mafic phases. Most of the exposures show
segregations of quartz and hornblende. An im-
portant feature noticed in some exposures is the
occurrence of corona structures of rounded gar-
net crystals surrounded by hornblende. Granitic
veins (4-6 em) occasionally cut across the gra-
nitic exposures. Orthopyroxene-bearing charno-
ckite constitutes the country rock. The charno-
ckite is composed mainly of quartz, K-feldspar,
orthopyroxene, biotite and garnet. A very weak
foliation trending NW-SE, imparted by biotite,
can be observed in both granite and associated
charnockite in some of the exposures. A feature
noticed is the concentration of garnet towards
the contact of granite and charnockite, gradually
decreasing into the charnockite (Fig. 4A).
At one exposure near Injappara, enclaves of
the precursor gneiss (garnet-biotite gneiss) were
found. The gneiss enclaves showed marked lay-
ering of garnet- and biotite-rich layers and qua-
rtzo-feldspathic layers. A close comparison of the
gneiss patches and charnockite indicated that
the charnockite was formed from the garnet-
biotite gneiss, which has been common for the
charnockite formation in this part of the terrain.
The present survey also traced the presence of
certain asymmetric structures, which can be cru-
cial to the ongoing debate of the possible sense
of shear of the Achankovil Shear Zone (e.g.,
Sacks et aI., 1997; Rajesh et a1., 1998).
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Chengannoor granite The Chengannoor granite,
an E- W elongated pluton, is emplaced at the NW
end of the NW-SE trending Achankovil Shear
Zone, and has an area of about 40 km 2• The pres-
ent field survey mapped the exposures near
Nottampara and Pandhavanpara, covering an
area of about 25 km 2. It is a pink granite, com-
posed dominantly of medium- to fine-grained
quartz and pink feldspar, with hornblende as the
main mafic constituent. Minor biotite is also pres-
ent.
An important feature of this granite is the
occurrence of large crystals of molybdenite. The
occurrence of honey-yellow apatite was noticed
in some of the exposures. Mafic minerals impart
a generally weak (prominent in some exposures)
NE-SW foliation to the rock. Occasional horn-
blende-rich seams were noticed on the rather hom-
ogenous outcrops of granite, which are parallel
to a flow plane. Late granitic veins (4-12 cm in
width and trending NW-SE), characterized by
coarse grained quartz and alkali feldspar, with
occasional large, elongated crystals of horn-
blende, cut across most of the exposures studied
(Fig. 4B). These granitic veins usually displace
the hornblende seams and the contact between
these two is marked by the enrichment of horn-
blende and the disruption of the foliation of
granite.
At one exposure near Nootampara, a large
hornblende-rich layer (trending N30° E and dip-
ping 60° SW), having a maximum width of
about 90 cm, was found, showing distinct struc-
tural features, including augen structures and ro-
tated biotite foliation. The country rock is an
orthopyroxene-bearing, greasy green charnockite
and consists of quartz and alkali feldspar as the
dominant constituents, with minor orthopyrox-
ene, garnet and biotite. Huge amounts of pegma-
titic veins and pods cut across the charnockitic
exposures and are characterized by the occur-
rence of large biotite crystals and honey-yellow
apatite crystals.
At one exposure near Malakh.:ara, 6 km SE of
Chengannoor, the contact of migmatitic gneiss
(which constitutes the dominant lithology of the
Achankovil Shear Zone) with charnockite was
observed. This quarry exposes the gradational
contact of three rock types, viz., garnet-biotite
gneiss, garnet leLlcogneiss and massive chamo-
ckite. Both of the gneisses preserve some
asymmetric features, indicative of probable
sinistral sense of shear of the shear zone, as sug-
gested by Rajesh et aI., (1998).
Ambalavayal granite The Ambalavayal granite,
exposed as an E-W elongated elliptical plutonic
mass (elliptical in map view), is emplaced at the
intersection point of the E-W-trending Moyar
and NE-SW-trending Calcite fault lineaments,
and h as an area of about 20 km2. The pluton is
aligned nearly parallel to the NE-SW and E-W
faults in the basement, consistent with magma
ascent along pre-existing deep fault lineaments.
The present field survey covered exposures near
Ambalavay aI, Ayiramkolli and Manjappara, cov-
ering an area of about 20 km2.
This is a pink to red granite, composed domi-
nantly of quartz, pink K-feldspar and plagioclase.
Cream white K-feldspar is also present partin!-
larly in the marginal portion of the mass. Green-
ish hornblende constitutes the principal mafic
constituent, with additional biotite. Hornblende-
rich layers imparting a distinct NE-SW to E-W
foliation develop dominantly in the marginal
portion of the mass. On an outcrop scale, the
granite is massive and fairly homogeneous. Vari-
ations in textures are occasionally observed; por-
phyritic, aplitic, pegmatitic and quartz-rich do-
mains carry disseminated molybdenite mineral-
ization.
Alternate hornblende (+ biotite)-rich layers
and quartzo-feldspathic layers define a NW-SE
foliation of the country rock, which is horn-
blende-biotite gneiss. Occasional large enclaves,
composed of fine-grained hornblende, are found
within the gneiss and the granite. The gneiss
preserves a strong folding event, characterized
by asymmetric, axial planar, upright, open, and
gently plunging F 1 folds. The F 1 folds verge to-
wards the granite mass. Away from the granite
mass, Sl foliation is deformed by F 2 folds with
S2 axial plane foliation. A distinct mineral linea-
tion defined by hornblende and biotite develops
parallel to the F2 fold axial plane, occasionally
cutting across the foliation plane at the hinge of
the F2 fold.
Hornblende-rich veins (width varying from
10-15 cm) (Fig. 4C), granitic pegmatites rich in
pink feldspar (containing pyrite/chalcopyrite)
and quartz-veins cut across both gneiss and gran-
ite. Some of the granitic pegmatites are sym-
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metrically folded (F3 ), with the hinges of the
folds plunging NW. The granite, related pegma-
tites and quartz veins include disseminated mo-
lybdenite. An exposure of garnet-biotite gneiss,
with an anatomizing network of granitic veins
(which also contain garnet), was found near
Manjappara. Some of these granitic veins are
sinisterlY rotated. Alternate garnet-biotite rich
layers and q uartzo-feldspathic layers of the
gneiss define a NW-SE foliation.
Perinthatta anorthosite-mangerite-monzonite com-
plex The Perinthatta anorthosite is the only
massif anorthositic body in Kerala state, south-
western India. The present survey, aimed to
characterize the lithological variation within this
complex, mapped areas around Perinthatta, Pora-
kunnu, Valiyapara, Eramam, Kankol and Pera-
lam, covering an area of about 40 kn1. This igne-
ous mass is intruded into the high-grade Pre-
cambrian rocks and gives the appearance of a
lopolith.
The field relations show that anorthosite oc-
cupies the core of the complex, extending to-
wards the eastern margin, ranging in lithology
from anorthositic to gabbroic (noritic) anortho-
site within the body. The anorthosite is dark-
greenish to dark coloured with greasy appear-
ance (Fig. 4D) and medium- to coarse-grained,
having ophitic to sub-ophitic and cumulate tex-
ture. The anorthosite is predominantly composed
of plagioclase feldspar and a crude alignment of
plagioclase megacrysts (trending E-W) is ob-
served in most of the exposures.
Although it was difficult, mostly due to its
dark appearance, to trace out any other mineral
in hand specimens, pyroxene crystals, up to 0.5
cm long, have been observed in some samples.
The rock mass is extensively mantled by lat-
erites and tertiary rocks. Monzonite and mange-
rite occupy the rim portion of the complex.
Small amounts of iron ores are noted in some of
the exposures. Monzonite is coarse grained and
dark gray, and has a gabbroic appearance, con-
taining K-feldspar, plagioclase and pyroxenes. It
is inhomogeneous, and variation from mafic to
felsic types in zones was observed in many of
the exposures. The mangerite is dark-greenish,
appears to be syenitic in composition, and is
composed dominantly of alkali feldspar. The coun-
try rock is orthopyroxene-bearing charnockite,
with typical greenish alkali feldspar and quartz,
and little garnet and biotite, these mafic miner-
als imparting a weak foliation to the rock.
Angadimogar syenite The Angadimogar syenite
lies close to the intersection of the Mercara Fault
and the Mangalore Lineament, and has an
area of about 15 kn1. It is a pink syenite com-
posed dominantly of medium- to coarse-grained
K-feldspar, with minor amounts of quartz, pla-
gioclase and hornblende. Hornblende constitutes
the main mafic component, in contrast to other
alkali syenites in southwestern India, where pyr-
oxene constitutes the mafic mineral. Hornble-
nde-rich layers impart a weak NE-SW foliation
to the syenite.
The syenitic body shows variation from a
coarse-grained rock rich in pink feldspar, having
large hornblende grains and minor quartz, to a
medium- to coarse-grained rock, rich in pink K-
feldspar, having fine-grained hornblende, to a
medium-grained rock rich in white feldspar, hav-
ing finer grained hornblende. The occurrence of
fine-grained hornblende-rich enclaves (ca. 0.5-3
cm width) is a common feature noticed in all
the exposures. The main exposure near Angadi-
mogar primary school shows the intrusive con-
tact of the syenite with the country rock, a
hornblende gneiss. Alternate hornblende-rich lay-
ers and quartzo-feldspathic layers define a strong
NE-SW foliation in the country rock. Occa-
sional isoclinal folds (F 1) with WNW-ESE trend-
ing axes are seen, affecting both layering and fo-
liation. Minor F 2 folds were recognized, having
NE-SW trending axes, within the gneissic expo-
sures.
Pink felsic veins (ca. 1- 4 cm width) cut
across the syenite exposures. These felsic veins
carry crystals of molybdenite and pyrite/
chalcopyrite. Cross-cutting joints, most trending
NW-SE to ENE-WSW, are developed in the sye-
nite.
A TRAVERSE SURVEY THROUGH
ARCHAEAN TO PAN-AFRICAN
MAGMATIC-METAMORPHIC
PROCESSES IN SOUTHERN INDIA
Outline and Objective of the Survey
A traverse field survey from the southern
Proterozoic Kerala Khondalite Belt of southern-
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Fig. 5. (A) The participants of the field excursion at the Gudiyar quarry face. Local persons assembled at upper
rows. (B) Zircon megacrysts from alkali syenite at Putteti. (C) Metapelitic xenolith at the Kottaram
Quarry (D) Psuedotachylite at the Gudiyar quarry.
most India to the Archaean Nilgiri Hills (ct.
Figs. 1, 2) was conducted as a part of the inter-
national field workshop of IGCP-368 during Sep-
tember 23-29, 1996.
The main focus of the field workshop was on
granulites of southern Peninsular India, which
have an age span all through the Archaean to
the Pan-African. Sixty-five participants from 12
countries (Fig. SA), including several members
of our group (ct. Tb. 1), participated, with M.
Santosh as a field leader. The survey covered 13
classic localities exhibiting a variety of deep
crustal processes. The splendidness of this work-
shop was that each of the localities exhibit a
typical deep crustal phenomena, from regional
mega-structures to microscale textural or iso-
topic signatures. A brief summary of the general
geological features observed in the localities vis-
ited is given below.
The Kera1a Khondalite Belt
Mafic granulites of Kunnampara The Kun-
nampara quarry, located about 13 km north of
Trivandrum, is a garnet-biotite-dominated quarry
with several bands of pyroxene granulites. Lith-
ological and structural characteristics of the
rocks in the quarry were described by Yoshida
and Santosh (1987). Three major events of fold-
ing (F,-F3) were also agreed upon by the partici-
pants.
Discussions in the quarry were concentrated
mainly on the origin of the pyroxene-granulite
dykes or the effect of retrogression on the mar-
gins of the pyroxene granulite bands, where
large amounts of garnet and biotite have been
produced.
A consensus on the origin of these pyroxene-
granulite bands being igneous basaltic dikes and
sills emplaced into the sedimentary sequence,
which was later metamorphosed in granulite
facies conditions, was reached by the scientists.
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Cordierite-charnockites at Nellikkala The Nel-
likkala quarry, in the northern fringe of the
Trivandrum Block, is located 10 km west of
Pathanamthitta. The quarry exposes migmatised
garnet-biotite gneiss, with thin, disrupted dykes
of fine -grained quartzite.
Vein and patch type of coarse cordieri te- and
orthopyroxene-bearing charnockite assemblages
have developed on gneisses, postdating all previ-
ous penetrative structures. These zones are con-
sidered to have resulted from an event involving
structurally controlled carbonic-fluid influx. A
later generation of pegmatite with coarse cor-
dierite crystals, which cuts across all the earlier
structures, can also be observed in the quarry.
The role of carbonic fluids in transforming the
gneiss to charnockitic assemblages was, in gen-
eral, accepted by the participants.
Incipient charnockites at Kottavattom The devel-
opment of local-scale orthopyroxene-granulites at
the expense of garnet, biotite and quartz in the
regional gneiss, through dehydration reactions is
very well known in the southern Indian granu-
lite terrain, and is commonly called the "incipi-
ent charnockite", One of the classic localities where
we this phenomena can be observed is Kot-
tavattom, about 5 km south of Elampal, along
the Kottarakkara-Punalur highway. Many stud-
ies have been carried out in the past decade to
outline the transformation of garnet-biotite
gneiss to charnockite (e.g" Santosh et aI., 1990; Raith
and Srikantappa, 1993) and still there exists
controversy about the role of CO2•
Massive charnockites at Eripara The Eripara quarry
is situated 30 km north of Trivandrum. In con-
trast to the patchy charnockite at Kottavattom
quarry, Eripara quarry exposes charnockite on a
massive scale, the charnockite having the oldest
age (2780 Ma Rb-Sr age, Crawford, 1969) in this
terrain.
Dark green and fairly homogenous garnet-
bearing massive charnockite occurs in this quar-
ry. A few discordant garnet- and biotite-bearing
granitic pegmatite s are also present. A close ex-
amination of some of the granitic veins revealed
the presence of rolling structures, suggesting a
structural control on the precursor rock. It is
considered that the garnet- bearing charnockites
at Eripara represent the complete transformation
of garnet-biotite gneiss to charnockites along
compositional planes, in contrast to the arrested
and patchy incipient charnockites, where the
conversion is pa rti al.
Existing results of metamorphic conditions
indicate that the peak metamorphism occurred
at around 680°C and 4.5 kbar (Bartlett, 1995).
Controversies over the nomenclature of "mas-
sive" charnocki te was debated by the delegates,
with some suggesting that the term massive de
picts the massive nature of the chamockite, while
others pointed out that the term was used to
differentiate it from the patchy incipient char-
nockite.
Metapelites at Chittikara At Chittikara is ex-
posed one of the typical metapelitic khondalitic
rocks near Trivandrum. The quarry comprises
alternation of garnet-sillimanite-biotite-rich bands
and quartzo-feldspathic bands. Here the main
focus was on the occurrence of different genera-
tions of cordierite and graphite. Cordierite oc-
curs as two types namely, those within the band-
ing and those associated with later, coarse segre-
gations. Graphite occurring in the pelitic bands
is considered to be of biogenic origin, those oc-
curring in brittle shears being fluid-precipitated.
Also, the coarse cordierite-graphite association
implies a carbonic, fluid-rich regime. The partici-
pants differed in their views regarding the effect
of partial melting and fluid concentrations, but
could generally agree with the existing models.
Calc-silicate rock- charnockite association at Nuli-
yam Nuliyam, which lies about 50 km southeast
of Trivandrum, has a chain of quarries. Most of
the quarries expose massive garnet-biotite gneiss.
A calc-silicate rock-massive charnockite-incipient
charnockite-gneiss sequence can be observed in
one of the E-W-trending quarry faces.
At the base of the quarry face, on the valley
side, an ESE-WNW-trending wollastonite-scapolite
band crops out, with an exposed strike length of
about 100 m and width of around 36 m. The gneis-
sic banding is composed of clinopyroxene-wol-
lastonite-scapolitic assemblages, with the strike
and dip concordant with the regional trend shown
by the garnet-biotite gneisses. Rocks near
the contact of this calc-silicate rock are com-
pletely charnockitised garnet-biotite gneiss. The im-
mediate contact zone of this calc-silicate rock
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with the charnockite is a mixed rock, devoid of
orthopyroxene and wollastonite. Away from the
contact the massiveness of charnockite is reduced
to incipient patches, and further away, the gneiss-
es are devoid of charnockitic patches.
Two hypotheses were proposed for the for-
mation of charnockite adjacent to the calc-silicate
band; one was that the wollastonite-bearing as-
semblages acted as a source, and the other was
that there was an external influx of carbonic
fluids. Petrological and fluid inclusion evidences
in the calc-silicate rocks and adjacent charno-
ckites indicate that the upcoming fluids were
pooled by the impermeable calc-silicate layer, re
suiting in complete charnockitization of the gneiss-
es adjacent to the band (Harley and Santosh,
1995). This hypothesis was generally agreed
upon by the scientists, but the fluids generated
during the decarbonation reactions still re-
mained to be traced out.
The Nagerkoil Massif and Surrounding Areas
Alkali syenite at Puttetti The Precambrian gran-
ulite-facies terrain of southwestern India is in-
truded by a number of late Precambrian-early
Paleozoic alkaline intrusives. The Puttetti sye-
nite pluton represents a typical member of this fam-
ily (D-Pb zircon age of 580 Ma, Odom, 1982).
The syenite body is a massive, medium- to coarse-
grained and greenish-gray rock, composed dom-
inantly of alkali feldspar and pyroxene, with
minor amounts of hornblende and biotite. Lenses
and bands of pyroxenite, varying in thickness
between 0.1 and 0.5 m, are found within the
syenite, probably denoting a cumulate origin.
This syenite pluton is characterized by the com-
mon association of large, euhedral crystals of zir-
con (Fig. 5B) measuring up to 5 em. Although
the debate on the probable cumulate nature of
the origin of the syenite and pyroxenite contin-
ued, most of the delegates were convinced about
the alkaline nature of the syenite. Opinion about
the unknown mineral, seen in the alkali pegma-
tite, centred around allanite as the probable can-
didate.
Metapelitic xenolith in massive charnockite at
Kottaram The Kottaram quarry, located near
Cape Comorin has an excellent exposure depict-
ing a huge metapelitic xenolith within massive
charnockite (Fig. 5C). This quarry displays pri-
mary evidence for the intrusive nature of the
Nagercoil massive charnockite. The massive cha-
rnockite consists of orthopyroxene + mesope-
rthite + quartz as major mineral phases. The
disrupted metapelite fragments are rotated and
are cut across by orthopyroxene-bearing charno-
ckitic pegmatites. The contacts of the metapelite
with charnockite are often diffuse, further attest-
ing to the xenolithic nature. Preliminary geo-
chemical and stable isotopic studies indicate that
the massive charnockite is igneous, but many
participants thoroughly questioned the origin of
the igneous charnockite and much discussions
followed.
Calc-silicate rocks and marbles at Ambasamudram
The Ambasamudram area lies in the southern
part of Tamil Nadu State. Geologically, this area
lies on the northern boundary of the Kerala
Khondalite Belt, close to the Achankovil shear
zone. It can also be considered to be within the
Achankovil metasediments, with relatively youn-
ger Nd model ages (TDM, Harris et aI., 1996).
The focus of this area lies in an extensive mar-
ble horizon. Two localities (Agathiyarpatti and
Uchanku lam) where marble is locally mined for
the cement industry were included in this field
excursion. At Ambasamudram the marble band
extends for a strike length of about 10 km, with
varying widths up to 300 m. In the southwest-
ern part of the marble band garnet-biotite gneiss,
which has been variably charnockitised, is
exposed; the northeastern flanks comprise granitic
gneiss and massive charnockite.
Intense deformation in the calc-silicate band
is shown by the boudinage, disruption, and rota-
tion of marly layers or bands enclosed within
the dominant calcite marble. A later deformation
produced mylonites and flaser fabrics that cut
across both marbles and included marly hori-
zons. The marble is mainly rich in calcite. The
occurrence of calc-silicate minerals such as
forsterite, spinel, phlogopite, amphibole and hu-
mite indicate that the rock is of granulite grade.
Considerable discussion focussed mainly on
the mylonites and flaser fabrics in the marbles,
as well as on the occurrence of the humite group
of minerals. The mylonites might have re-
sulted from the late-stage movements related to
the Achankovil shearing. Two different views
were expressed for the formation of humite
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group minerals, one being their formation through
prograde metamorphic reactions, and the other
through external fluid-induced metasomatism.
Tamil Nadu Area
Anorthosite at Oddanchathram The Oddancha-
thram anorthosite, located 20 km east of Palni,
Tamil Nadu, is one among the prominent occur-
rences of massif-type anorthosites in southern
Peninsular India.
The anorthosite body is lenticular and is em-
placed within granulite facies country rocks com-
posed of various meta-supracrustals. The anor-
thosite is coarse grained and composed almost
entirely (90 percent) of plagioclase, with late de-
velopment of orthopyroxene and garnet at the
contacts of the anorthosite with the country-
rock xenoliths. Structurally, four phases of fold-
ing movements have been identified. These
include DF I , represented by rare, reclined to re-
cumbent isoclinal folds; DF2, represented by NE-
SW trending folds; DF3, trending E-W; and DF4 ,
trending N-S. It is thought that the anorthosite
intruded the deformed sequence during DF2•
Existing results of metamorphic conditions,
which the anorthosite has under gone, indicate
PoT conditions of around 750°C and 10 kbar.
The intrusion of the Oddanchathram anorthosite
body into the country rock having a protolith
age of 2100 Ma (Jayananda et aI., 1995) and
having undergone a late-Proterozoic granulite meta-
morphism, constrains the age of the anorthosi te
to around 1200 Ma. Discussion on the field con-
centrated on the field relations exhibited by
anorthosite and the dykes. Some argued that
these dykes represent the precursor composition
and others clearly showed the dyke to be a late
event, from field evidence. There was also much
debate on the significance of the garnet porphy-
roblasts present in the anorthosite and on the
Proterozoic age of the anorthosite body. It was
pointed out that a large amount of work was
still needed to resolve many of the queries.
Enderbites and Psuedotachylites at Gudiyar The
Gudiyar quarry is located about 6 km south of
Mettupalayam on the Mettupalayam-Coimbatore
highway. Typical psuedotachylites formed as a
result of the shear movements associated with
the Bhavani Shear Zone (BSZ) are exposed here
(Srikantappa and Ashamanjari, 1989). This
location forms the southern limit of the Nilgiri
granulite block. In intensely sheared areas, flaser
textures are shown by the presence of less de-
formed ovoidal relicts of feldspar grains between
two subparallel shear planes. Psuedotachylites
occur as dike-ike bodies and occur either parallel
to the shear zone or at low angles to it (Fig.
5D). Calcite + quartz + ankerite veins or
vuggy quartz can be observed in some of the
late, brittle shear planes. The movement direc-
tion indicated by the psuedotachylites was a
topic of hot discussion, which concluded with
the sun setting with out a consensus.
Enderbites at Doddabetta The Doddabetta quarry
is located about 12 km from Ooty town on the
Ooty-Kodanad road. The quarry is composed
mainly of weakly foliated garnetiferous ender-
bitic granulites, with a network of pegmatitic
pockets. Enclaves of mafic granulites (c1inopy-
roxene-plagioclase-hornblende-garnet) occur as
well. Reported metamorphic conditions of the
enderbites are in the range of 7-8.5 kbar and
around 760°C (Srikantappa et aI., 1992). Geo-
chronological works point to an age of about 2.5
Ga for the granulites (Bhul, 1987).
ARCHAEAN NELLORE SCHIST
BELT AND ADJACENT AREAS
Outline and Objective of the Survey
The Nellore Schist Belt (NSB), lying east of
the Proterozoic Cuddapah Basin, is believed to
be a prominent granite-greenstone belt, and is sug-
gested to be equivalent to the Sargurs (>3,400
Ma) in the Karnataka Craton (Radhakrishna,
1983, Figs. 1, 6). During three days in early
September, a group of 11 scientists composed of
Japanese (3), Indians (3) and Russians (5) vis-
ited some classic localities of the NSB and sur-
rounding outcrops, with A.T. Rao as the field
leader.
The Kandra Igneous Complex The Kandra
Igneous Complex, which is composed of mafic
lavas, plu tonic and hypabyssal basic rocks, and
associated quartzites and para-amphiboites (Rao
et a!., 1992) occurs in the southern part of NSB
trending NNW. Four outcrops were visited in
this area, and they included (Fig. 7A): amphi-
bolite and schistose granite at the southeastern
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Fig. 6. The Nellore Schist Belt and adjacent areas. K:
Kandra, C: Chimakurti (Referred after
Geological Survey of India, 1973)
1: Cenozoic cover and sea area, 2: Gondwana
Sediments, 3: Proterozoic cover, 4: Granulites,
including charnockites (with solid dots) and
khondalites (with bars), 5: Nellore Schist Belt,
6: Archaean granite greenstone terrain.
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outer margin of the Complex, showing dominant
mineral lineation plunging gently SSE; amygda-
loidal (or plagioclase porphyroclastic) amphibo-
lite with vague N-S schistosity within the Com-
plex; and two outcrops outside the Complex in-
cluding the mylonitic banded granodiorite near
Karjemedu showing NW and steep schistosity
with steep intersection and mineral lineations,
and cataclastic but massive muscovite granite
near Vendodu.
Alkaline rocks at Chimakurti In the west of
Ongule in the central part of the NSB, an alka-
line igneous mass near Chimakurti and sur-
rounding outcrops (Prasad-Rao et aI., 1988, Fig.
7B) were visited. Banded iron quartzite, forming
a rugged hill, occurs about 15 km southeast
of Chimakurti. It shows a NNW strike with mod-
erate dip, with isoclinal folds having hinges gently
plunging NNW (Fig. 8-A). Six other outcrops
include: scattered boulders and suspect outcrops
of nepheline syenite with sporadic foliations show-
ing earlier E-W folded foliation and later N-S
schisotisy along some restricted planes (Fig. 8B);
charnockite and enderbite associated with the
syeni te; schisotse tonali te-granodiori te wi th N-S
and steep foliation and lineations; and medium-
grained, homogeneous gabbro with very indis-
tinct E-W foliation.
Granulites in the Guntur-KondapaLle area In the
area near Guntur-Kondapalle, three outcrops of
charnockite-granulite were visited (Fig. 7C). They
included: medium- to coarse-grained charnockite
with basic seams, cut by charnockitic pegmatite;
charnockitic migmatite with dominant bands of
leptynite/metabasite; and coarse-grained cha-
rnockite with small-grained, equant metabasite
and enderbitic gneiss layers and relicts of lepty-
nitic gneisses (Fig. 8-0. They all show WNW-
ESE foliation dipping steeply to the north, ex-
cept at the outcrop near Kondapalle where the
banding is more or less gentle and dips variably,
showing relict folding structures. These rocks
have been regarded as being the southern exten-
sion of the Eastern Ghats Granulite Belt, because
of the characteristic granulite and charnockite
lithology.
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Fig. 7. (A) The Kanadra area, with survey points 21-24. The geologic map is referred after Rao et al.(1992) (B)
The Chimakurti alkaline mass, with survey points 32-37. The base geologic map is modified from prasad-
Rao et a1.(1988) (C) The Guntur-Kondapalli area with survey points 41-43. The base geologic map is
modified from Geological Survey of India(1973) 1: Cenozoic sediments; 2: Granite; 3: Peninsular Gneiss; 4:
Anorthosite; 5: Nepheline syenite; 6: Gabbro and norite; 7: Olivine gabbro; 8: Olivine clinopyroxenite; 9:
Diabasic rock; 10: Altered basic igneous rock; 11: Charnockite; 12: Khondalite; 13: Quartzite.
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Fig. 8. (A) Banded hematite quartzite with intrafolial
isoclinal folds. (B) Nepheline syenite near
Chimakurti showing E-W penetrative (upper
left to the lower right) and the NNE-SSW (top
to bottom) heterogeneous structures. (C) Le-
ptynitic gneisses and charnockite in a quarry
near Kondapalli.
VISAKHAPATNAM AREA OF THE CENTRAL
EASTERN GHATS GRANULITE BELT
Outline and Objective of the Survey
The Visakhapatnam survey group carried out
a regional field survey of the Visakhapatnam
and surrounding areas. The field survey lasted
nine days and covered about 100 outcrops, dis-
tributed in and around Vemulavaasn, Pendurti,
Gajuyaka, Dibbavanipalem, Mt. Yaradakonda,
Visakhapatnam, Mt. Kairasakonda, and Madhu-
ravada (Fig. 9). The survey was conducted by
several scientists from Japan (4 persons), Russia
(2), Canada (1) and India (4) led by M.
Yoshida.
The aim of the survey was to carry out de-
tailed lithological and structural mapping, to
characterize lithological and structural features
of rocks in this area, and to discusses the struc-
tural and tectonic evolution of the Eastern Ghats
Granulite Belt in the Visakhapatnam and sur-
rounding areas.
Geologic Outline of the Area Surrounding Visa-
khapatnam
The area around Mt. Yadarakonda (357 m
above sea level) and that between Mt. Kai-
lasakonda (444 m above sea level) and the
River Pedda Gedda, is mountainous and hilly,
while the areas of the River Narava Gedda, Visa-
khapatnam Airport, and Visakhapatnam City are
low-lying being on a flat plain, elongated to the
east and west (Fig. 9). Topographic basins are
developed around the Madhurvada and Pendurti
regions. Outcrops visited are exposed generally
in the northern and southern mountain areas
(Fig. 9).
According to the geologic map of Rao et al.
(l 993), garnet-sillimanite gneisses with or with-
out graphite, which are known as 'khondalites',
are well distributed in the mountain areas (Fig.
9). On the other hand, garnet-bearing quartzo-
feldspathic rocks, such as (garnet-) biotite gneiss
and garnet granite called 'leptynites', are well
exposed in the central lowland as well as inside
the topographic basins around the Revelleplaem-
Madhurvada and Pendurti areas (Fig. 9). Py-
roxene granulite and charnockitic rocks occur
within the leptynites. Charnockitic rocks, includ-
ing tonalite, enderbite and charnockite, are char-
acteristically exposed in the crestal areas of the
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macroscopic overturned folds (Fig. 9).
A macroscopic domal structure with an up-
right axial surface has been recognized in the
Madhuravada area (Fig. 9). This dome is known
as the 'Madhuravada Dome' (Rao et aI., 1994). It
is considered to be flanked by khondalitic gneiss-
es as ridges and cored by the quartzo-feldspathic
gneisses (leptynites) occurring in low-ground
areas of the topographic basin (Rao et aI., 1994;
see also Fig. 9). Some quartzite layers occur
along the boundary between the quartzo-
feldspathic gneisses and the khondalitic gneisses
(Fig. 9).
Structural Characteristics
Structural elements Observed s-structures (s-
planes) in the Visakhapatnam area mostly in-
clude the banding which is composed of alter-
nating layers of different compositions of mil-
limeter to deca-centimeters thick, foliation com-
posed of parallel folia made up of flattend clots
of one or some kinds of minerals, and schistosity
indicated by the alignment of flakey or tabular
minerals (Figs. lOA-F).
L-structures of the present area include hin-
ges of folds, including crenulation and undula-
tion lineations, intersections of younger schisto-
sity with earlier s-structures, mineral-clot elonga-
tions or mineral distribution lineation (which we
provisionally called as the streching lineation),
and mineral lineation shown by the crystallo-
graphic shapes of crystals.
Structural sub-areas The area surrounding
Visakhapatnam is structurally subdivided into
three sub-areas. There are: the south-central sub-
area, having mostly E-W and steep structures
conformable to the macroscopic major folding
structure of the area; the northern sub-area,
characterized by the Madhuravada Dome; and
the western, marginal sub-area, showing a vari-
able trend of structures (Fig. 9).
South-central sub-area In the south-central sub-
area, s-structures run from ENE-WSW to WNW-
ESE, with steep dips either north or south (Fig.
9). Intrafolial rootless folds are observed only
rarely, but they indicate some early, strong de-
formation during the formation of the banding
structure of rocks of the present area. Later
folds observed include tight to close folds and
gentle folds, the former being dominant.
Linear(L) structures plunge gently to the
east; they are composed mostly of stretching
lineations and hinges of microfolds, wi th a few
crenulation and mineral lineations. Some micro-
fold and intersection lineations are definitely in-
clined from the major lineations. They are
hinges of intrafolial, rootless folds of the earliest
generation and those of some tight to close folds
and intersection lineations of later generations.
Among the later folds, NE-SW close folds as-
sociated with the axial plane schistosity were
observed in some places, indicating the more or
less dominant development of this structure.
Northern sub-area In the Madhuravada Dome
area, s-planes show more or less circular distri-
bution (Fig. 9), reflecting the reported domal
structure of the area, although they dip steeply
to moderately to the east in the western mar-
ginal area of the "domal structure". This shows
that the supposed domal structure possibly does
not have an ordinary dome structure. The earli-
est intrafoliaJ, rootless folds are observed only
locally, and later folds of close, open, and undu-
lation types develop dominantly, some of which
have the NE-SW trend.
The characteristics of L-structures are more
or less similar to those described for the south-
central sub-area, except that the undulation and
mineral lineations are more prominent in this
sub-area. The major plunge of the lineations is
invariably eastward, with variable angles reflect-
ing the dip of s-planes carrying the lineation.
Development of intersection and mineral linea-
tions related to the NE-SW folds is a characteris-
tic later structure.
Western sub-area In the western sub-area, obser-
vations were fewer and only at limited locations.
Trends of s-planes strike variably, with steep
dips (Fig. 9). The variation in the trend of s-
planes is considered to be due to the structural
location of this sub-area in that it is situated at
the E-W to NE-SW bend of the major structure
(Fig. 9). The variation can also, in part, be at-
tributed to the difference in rock units carrying
distinct foliations, reflecting the dominant stress
pattern at the time of their emplacement.
Later foldings with axial plane foliations
develop, with NE-SW, NW-SE, and NNW-SSE
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Fig. 10. Photographs of deformational structures observed in the garnet-sillimanite gneiss. (A) Garnet-sillimanite
gneiss having a well-developed compositional banding. (B) An intrafolial isoclinal fold. (C) Deformed
banding showing symmetric close fold of garnet-sillimanite gneiss. (D) An asymmetric open fold. (E)
A pinch-and-swell structure deformed by close type fold, mostly with upright axial planes. (F) Quartzo-
feldspathic layer within the garnet-sillimanite gneiss, affected by the pinch-and-swell structure.
trends. L-structures are also variable and no
prominent direction can be pointed out.
Characterization of Lithotypes and Their
Structures
Garnet-sillimanite (-biotite) gneisses (Khondalites)
The garnet-sillimanite-biotite gneisses are the pro-
minent rock type in the survey area and are
widely distributed in the regions around Mt.
Yarada Konda, Mt. Kailasa Konda and Vemu-
lavaan, and areas between Gonaigundam and
Adavivardm (Fig. 9). The garnet-sillimanite-
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Fig. 11. Photographs of deformational structures observed in the garnet-sillimanite rocks. (A) Crenulation
lineation. (B) Enlarged photograph of A. (C) Theta (s)-type asymmetric megacryst. (D) Relict banding
structure (?) showing an s-type, asymmetric shape.
biotite gneisses generally show well developed
compositional banding and foliation, composed
mainly of shape preferred orientation of mafic
minerals such as garnet and biotite (Fig. lOA).
These planar structures are mostly deformed by
pinch-and-swell, boudinaged and folding struc-
tures, which are considered to have been formed
by several deformational events (Figs. lOB to
IOF). Lineations, composed mainly of the long
axis of sillimanite grains and hinges of crenu-
lations are often observed on the s-planes of the
garnet-sillimanite-biotite gneisses (Figs. IIA and
lIB). These lineations generally have an E-W
trend. Some elongated grains (or aggregates) of
garnet, biotite, and/or quartz show the stretch-
ing lineation in the form of a prolate strain el-
lipsoid. These stretching lineations generally trend
E-W. In the area around Visakhapatnam, asym-
metric structures, considered to have been for-
med by simple shear deformation, develop rarely
(Figs. IIC and lID).
Quartzo-jeldspathic gneiss (Leptynites) Because
almost all of the quartzo-feldspathic rocks occur
in the central flat plain and in the low ground
of topographic basins, where rocks are highly
weathered and eroded, outcrops preserving beau-
tiful structures and lithologic feature of the
quartzo-feldspathic rocks are sporadic. An out-
crop (Loc. No. P96091703) 4 km south of Gaju-
yaka (Fig. 9), is an important exposure where
garnet- and biotite-bearing quartzo-feldspathic
rocks can be clearly observed (Figs. 12C and
12D). These quartzo-feldspathic rocks carry in-
cipient charnockite and garnet-pyroxene pegma-
tite. A vague foliation, composed of platy quartz
grains, is locally developed here (Fig. 12C), but
the rock appears to be an L-tectonite in some
parts of this outcrop. The quartzo-feldspathic
rocks are often affected by narrow mylonite
zones in which quartz grains are strongly elon-
gated. Narrow shear zones showing conjugate
arrays also deform the quartzo-feldspathic rocks
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Fig. 12. Photographs and a sketch observed in the field. (A) Mountain ridge with a quartzite layer. (B)
Photograph showing isolated mountains composed of the garnet-sillimanite gneiss (Khondalite). (C)
An interpretative sketch of some structures observed in garnet-biotite quartzo-feldspathic rock
(Leptynite). (D) Photograph showing a conjugate narrow shear zone observed at outcrop of C.
and the pegmatite (Figs. l2C and l2D).
Charnockitic rocks The Airport Hill, situated near
the Visakhapatnam airport (Figs 9 and l3A),
was studied in detail by previous work (e.g. Sri-
ramadas and Rao, 1979). However, no detailed
, structural analysis has been carried out. Sri-
ramadas and Rao (1979) studied the charno-
ckitic rocks, which are tonalite to granodiorite
in composition. Garnet-biotite granitic rock, ac-
companied with euhedral feldspar phenocrysts
showing a flow structure, can also be observed
within the charnockitic and enderbitic rocks.
Rocks of the Airport Hill are considered to be
characteristically exposed in the axial part of
the macroscopic overturned folds (Fig. 9). Char-
nockitic and enderbitic rocks at the Airport Hill
locally preserve the NE-SW trending foliation,
composed mainly of the shape preferred orienta-
tion of pyroxene crystals (Fig. l3B). Almost all
these foliations dip steeply southeastward. Thin
basic layers showing similar orientation to the
foliation mentioned above, were also observed
(Fig. l3C). Some of the basic layers are tightly
folded and show rootless folds of a tight type
(Figs. l3D and l3E). An E-W-trending, upright,
mylonite zone of a meter wide clearly cuts the
charnockitic rocks.
Outcome of the Survey
During the present survey, we focussed main-
lyon the geologic structures and deformational
structures of the rocks and visited several locali-
ties in the area around Visakhapatnam. The
lithological and structural characteristics of the
lithotypes occurring in the survey area indicated
that repeated deformations and metamorphic and
igneous events took place. Banding in the rocks,
sometimes showing intrafolial rootless folds and
major upright tight to isoclinal folds is the
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Fig, 13, Photographs and a sketch of deformational structures observed at the Airport Hill. (A) A whole view
of the Airport Hill. (B) Foliation composed mainly of pyroxene. (C) Basic layer within the charnockitic
rock. (D) Folded, thin, basic layer of the rootless tight type in the charnockitic rock. (E) An interpreta-
tive sketch of the folding structure observed at the outcrop of D.
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earlier structure; the NE-SW and NW-SE folds,
often associated with axial plane schistosity, are
the characteristic later structures. Some porphy-
ritic charnockites show only this later structures,
thus reflecting their younger generation. Field
data and observations are still insufficient to un-
derstand the structural constitution and tectonic
evolution of the area.
SAPPHIRINE GRANULITE AND RELATED
HIGH-GRADE METAMORPHIC ROCKS
IN THE CENTRAL EASTERN
GHATS GRANULITE BELT
Outline and Objective of the Survey
Field work for the study of sapphirine gran-
ulite and related high-grade rocks was conducted
for 10 days during August-September 1996,
around Visakhapatnam (Figs. 1, 9). Members of
the field survey included Y. Osanai and four
other young scientists (Table 1).
The area is underlain mostly by khondalite,
leptynite and charnockite, with minor quartzite,
calc-silicate gneiss and mafic granulites. The gen-
eral trend of the metamorphic rocks is NE-SW
to E-W, having major isoclinal folding that is su-
perimposed by a NW-SE- to N-S-trending later
fold system (Rao & Rao, 1992, Fig. 9). Some im-
portant observations especially in high-grade
rocks made during the field work are given
below.
Litho1ogica1 Characteristics
Sapphirine granulite and mafic granulite
Sapphirine granulites were observed m three
quarries around the northern part of
Visakhapatnam city. In the Madhuravada and
Ambadivalasa areas, the garnet-and orthopyroxene-
bearing sapphirine granulites are intercalated
with or include mafic granulite and garnet-
orthopyroxene gneiss (Fig.14A). The sapphirine
granulite also contains minor cordierite and
spinel as a retrograde minerals. Garnet-bearing
pegmatite or large euhedral, cordierite-bearing
quartzo-feldspathic veins cut obliquely across
the sapphirine granulite at some other localities
(Fig. 14B).
Sapphirine granulite of pelitic rock origin oc-
curring in the Atchipeta area was also observed.
It showed clear banding, with mafic granulite
and quartzite. Banded garnet-bearing orthopyroxene-
spinel granulite and its sheared part were observed
at the eastern hill-side of the Visakhapatnam
city (Fig. 14C). The foliation has a general E-W
(70 0 W-85 0 E) strike and dips steeply south
(700 -850 S). These structures may be comparable
to the general trend of the major structures of
the rocks around Visakhapatnam. Garnet-bearing
leucogranite (pegmatite) intrusions were also
observed.
Charnockites The typical charnockite associated
with leucosome, including a large garnet porphy-
roblast-bearing leucosome (melt?), was observed
in the Kantakapalh quarry, northeastern part of
Visakhapatnam. The weakly foliated charnockite
contains orthopyroxene, garnet, plagioclase, K-
feldspar, quartz and minor biotite. Massive, gar-
net-bearing leucosome occurs as pods or boudi-
naged lenses and contains garnet (max. 10 cm
in diameter), plagioclase, quartz and minor K-
feldspar ( Fig. 14D).
K-feldspar porphyritic charnockite pegmatite The
characteristic K-fe1dspar porphyritic charnockite
pegmatite and its sheared part were observed at
two outcrops, namely, in the quarry close to
Vizianagaram, 50 km north of Visakhapatnam,
and in a quarry in the Borra area.
The charnockite pegmatite is characterized
by randomly oriented large K-feldspar (Fig. 14E).
This K-feldspar (max. 10 cm) shows euhedral
shape and oscillatory zoning, while the associ-
ated orthopyroxene is subhedral to anhedral
crystals. Along the shear band in JUGR 96-16,
orthopyroxene breaks down to garnet and
cordierite, and the K-feldspar is elongated. This
is very similar to K-feldspar-porphyritic garnet-
cordierite gneiss in the Borra area. Fine-grained,
garnet- and orthopyroxene-bearing tonalitic dykes
intrude the charnockite pegmatite (Fig. 14F).
MIGMATITES AND GRANULITES
IN THE PATAPATNAM-TEKKALI
AREA, CENTRAL-EASTERN
EASTERN GHATS GRANULITE BELT
Outline and Objective of the Survey
During August 1996, about one month of
field survey of the Patapatnam-Tekkali area of
Andhra Pradesh in the central-eastern Eastern
Ghats Granulite Belt was conducted. The field
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Fig. 14. Field photographs of high-grade metamorphic rocks in the central Eastern Ghats Granulite Belt.
(A) Garnet-orthopyroxnene-bearing sapphirine granulites with mafic granulite inclusion, Madhuravada.
(B) Cordierite-bearing quartzo-feldspathic pegmatite cutting the sapphirine granulite. (C) Sheared
orthopyroxnene-spinel granulite, eastern hill-side of Visakhapatnam city. (D) Garnetiferous porphyritic
charnockite at Kantakapali quarry. (E) K-feldspar porphyritic charnockite at a quarry close to
Vizianagaram. (F) Garnet-orthopyroxnene-bearing tonalitic dyke cutting across the porphyritic
charnockite, at the same quarry as (E).
survey was mostly done by T. Yamamoto, as-
sisted by some Japanese and Indian scientists.
About 50 outcrops were observed and about 300
kg samples were collected during the survey.
The survey area occupies approximately 1200
kn1 (Fig. 15).
In the present area are exposed various
granulites and migmatites. Characteristic migma-
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Fig. 15. The Tekkali Migmatite area, with survey localities. Some typical structural trends .and major outcrops
observed during the present survey are also shown.
titic rocks occur extensively in the west of Tek-
kali town and its adjacent places, which occupy
the central region of the area surveyed. These
migmatites are the garnet-orthopyroxene-biotite
migmatite (GOBM). Other granulites, including
garnet-sillimanite gneiss, orthopyroxene-biotite
gneiss and partialy charnockitized garnet-biotite
gneiss, occur around the central migmatite area
(Yamamoto, et a!., 1996, Yamamoto, 1997). De-
tailed field and laboratory studies (Yamamoto et
aI., in press) have revealed that an intense mig-
matization process, due to dehydration melting
reactions, took place.
Characteristics of Lithotypes
Garnet-orthopyroxene-biotite migmatite (GOBM)
This rock is bluish gray migmatite occurring
predominantly around Tekkali town (Locs. 9609,
9611) and in the western area as well (Loc.
9645: 8km north of Saravakota). 1t is composed
of garnet-orthopyroxene-biotite mesosome and
coarse-grained. orthopyroxene-bearing leucosome.
Four members of the GOBM are distin-
guished, according to thei r occurrence, and are
the stromatic migmatite, the veined/net-veined
migmatite, the diatexite and the leucogranite.
The stromatic migmatite retains strong banding
formed by alternation of the mesosome and the
leucosome (Mehnert, 1968). The veined/net-
veined migmatite is the most frequent type of
GOBM, in which the leucosome cuts across the meso-
some as veins; the leucosome veins are often
connected together and form a network. The
diatexite has a heterogeneous plutonic appear-
ance, sometimes enclosing paleosomic meso-
some; the leucosome characteristically carries coarse-
grained orthopyroxene, while the diatexite in-
cludes garnet and biotite in parts, in addition to
orthopyroxene. The leucogranite is a quartzo-
feldspathic rock with garnet and is considered to
be the extracted melt portion from GOBM. With
such variations, the occurrence of GOBM reflects
the process of melting phenomena.
Two-pyroxene granulite and calc-silicate rocks
occur locally within the GOBM. The occurrence
of the calc-silicate rocks suggests that the
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precursor of the GOBM was sedimentary rock.
Gamet-sillimanite gneiss This rock has the min-
eral assemblage of garnet, sillimanite, K-feldspar,
quartz, and graphite, and corresponds to the
khondalite in other granulite localities. The gar-
net-sillimani te gneiss occurs at Locs. 9630, 9636,
9644 etc. This rock exhibits, locally, macroscopic
to mesoscopic folds (Locs. 9630, 9644).
Orthopyroxene-biotite gneiss The orthopyroxene-
biotite gneiss shows intense gneissosity, which is
marked by folia made of orthopyroxene and
biotite. The orthopyroxene-biotite gneiss occur-
ring at Loc. 9636 shows a close relationship with
the garnet-biotite gneiss and garnet-sillimanite
gneiss, suggesting that they form a continuous
sequence of migmatization.
Partially chamockitized gamet-biotite gneiss The
garnet-biotite gneiss is subjected to local and
heterogeneous charnockitization at Locs. 9615,
9617, 9626 and 9635, showing a similar occur-
rence to the incipient charnockite reported else-
where (e.g., Yoshida and Santosh, 1987). The
garnet-biotite gneiss turns into olive green to
dark green charnockite, and the felsic portion of
the garnet-biotite gneiss locally remains white.
The occurrence of vein-like charnockite within
the gneiss at Loc. 9617 is similar to that de-
scribed from the Kerala Khondalite Belt (e.g.
Yoshida and Santosh, 1987), and indicates the
structural control on its formation.
Porphyritic granite The porphyritic granite car-
rying xenoliths of the garnet-sillimanite gneiss,
occurs at Loc. 9620. K-feldspar phenocrysts are
characteristically aligned, along with some gar-
net grains, showing a flow foliation (?). Other
types of garnet tend to concentrate around the
xenoliths, suggesting that this mineral was for-
med by the reaction between the xenolith and
the granite. This occurrence clearly indicates the
cessation of granitic activity after the granulite
facies metamorphism. Mylonitic bands trending
E-W develop locally.
Pseudotachylite The pseudotachylite is observed
at Locs. 9611, 9617 and 9645. In all instances,
the pseudotachylite cuts felsic lithologies (either
GOBM or partially charnokcitized garnet-biotite
gneiss), but not garnet-sillimanite gneiss. At Loc.
9611, a dyke-like occurrence of the pseudotachy-
lite, including breccias of the host diatexite, was
observed. The pseudotachylite is composed of
glassy matrix and carries numerous fragments
of country rocks.
Outcome of the Survey
Migmatiza tion processes resulting in the for-
mation of GBOBM were dominantly observed in
the present area. The migmatite is composed of
some lithotypes which are the reflection of vari-
ous stages of the migmatization processes. Later
even ts in the present area resulted in the local
intrusions of porphyritic granite and pseudo-
taehylite. A detailed study was reported in the
thesis for M Se (Yamamoto,1997), and Yamamoto
(in press), and a further detailed study, based
on the present field survey, is still in progress
and will appear in the near future.
ANORTHOSITE LOCALITIES OF ORISSA,
NORTHERN EASTERN GHATS
GRANULITE BELT
Outline and Objective of the Survey
In early September, 1996, field-survey and sam-
ple collections of two anorthosite masses were
performed by R.K. Shaw. Of these, one was the
Chilka Lake Anorthosite in the east and the
other was the Balangir Anorthosite in the west of
the northern part of the Eastern Ghats Belt (Fig.
16). Samples from the anorthosite mass in the
Angul area were also collected from the collec-
tion of Dr. M. Das of Utkal University. Localities
of these three anorthosite samples are given in
Fig. 16. Logistic support of this field survey was
provided by Dr. M. Das, and field assistance was
given by Mr. P.K. Panda of Utkal University.
Anorthosite Localities
The Chilka Lake Anorthosite In the Chilka Lake
area, fresh anorthosite is exposed in several
working stone quarries. Two different quarrries,
namely, at Kolathdihi and Ghantashila, were vis-
ited. The anorthositic suite consists of anortho-
site, gabbroic anorthosite, anorthositic gabbro
and gabbro. They are mostly massive and lo-
cally foliated. Megacrystic pyroxene, ranging in
size from 3 em to 20 em (Fig. 17A), is a charac-
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SUMMARY AND CONCLUSION
Fig. 16. Distribution of alkaline masses in the north-
ern Eastern Ghats Granulite Belt. An: Angule,
Ba: Balangir, Ch: Chilka Lake.
Fig. 17. (A) Pyroxene megacryst in anorthosite of
Kolathdihi quarry of the Chilka Lake mass.
(B) Porphyroblastic garnet in the anorthosite
of Birmunda quarrry, north of Balangir town.
Diameter of lens cap is 55 mm.
lite Belt, Periyar-Madurai Granulite Belt, Nellore
Schist Belt, and Eastern Ghats Granulite Belt.
Among the areas visited, the field survey in the
Eastern Ghats was the main focus of the present
program.
The present survey provided a large amount
of new observations and the collection of rock
samples from wide areas of southern to eastern
Peninsular India. Rock samples collected during
all of the above survey amounted to nearly 2
tons in weight. These samples, as well as field
data collected, are under examination in labora-
tories, and further detailed petrological, geochro-
nological, and structural studies are going on by
each group and by individual scientists who
conducted the field survey of each area. Some
preliminary results have appeared elsewhere in
this volume. The traverse survey, together with
the IGCP-368 field workshop, provided new in-
sights and understanding of the geology of the
southern granulite terrains as a result of the
x
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teristic feature of Kolathdihi quarry. Gabbro
anorthosite and anorthositic gabbro occur near
Balugaon town along the National Highway 5.
Balangir Anorthosite There are several quarries
exposing fresh anorthosites surrounding Bala-
ngir town. The significant feature of the Bala-
ngir anorthosite is the presence of distinct lay-
ering, formed by the alignment of mafic minerals
(pyroxene and biotite). Another common feature
is the occurrence of garnet, the size of which
varies from 1-2 mm to 3 cm (Fig.17B). Three
major quarries visited in this area were Birmunda
(north of Balangir town), extension of Girigo-
bordhan Hill and Mehermunda (both are in
the east of Balangir town). Among these, the
anorthositic bodies in Mehermunda are strongly
foliated. Two types of country rocks, i.e., garnet-
biotite gneiss and calc-silicate granulites were
also collected in the western part of Balangir
town.
About 500 man-days of field survey in Prote-
rozoic granulite terrains of southern to eastern
Peninsular India were successfully carried out in
August and September, 1996, by 8 Japanese sci-
entists, 4 Indian students studying in Japan, 1
Canadian and 2 Russians. Several Indian scien-
tists and students and 3 Russian scientists also
participated in some of the above. The areas of
the field survey covered the Trivandrum Granu-
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intense discussions by scientists of various coun-
tries with various viewpoints. The present pa-
per is compiled from the manuscripts presented
to the senior author who has made all manu-
scripts follow a somewhat common style and
content. The correctness of the descriptions of
each area is the responsibility of the authors of
each section, mentioned below, and any incon-
veniences involved throughout this paper are
the senior author's responsibility.
Calc-silicate rocks: Wada and Satish-Kumar;
Alkaline Granite: Rajesh; Traverse Survey: Satish-
Kumar and Miyashita; Nellore Schist Belt: Yoshida;
Visakhapatnam Area: Tani and Yoshida; Sap-
phirine Granulites: Osanai; Migmatites and Gran-
ulites: Yamamoto; Anorthosite Localities: Shaw.
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